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INTRODUCTION

Since its discovery in 1775 by Rosel v. Rosenhof

amoeboid motion has been a never-failing source of inter-

est and speculation. Engelmann ('79) was the first to

note the effect of a sudden increase in illumination. on

an amoeboid organism. He maintains that the pseudopod

of a Pelomyxa contracts when exposed to a beam of light

and that locomotion ceases. Davenport ('97) asserts

that Amoeba proteus is negative to light, moving away from

the source of illumination in a horizontal beam. Both

Davenport and Verworn ( '89) failed to obtain a response

when an amoeba was allowed to move from a dark into an

illuminated field. Harrington and Learning (
? 00) maintain

that A. proteus responds to a sudden increase in intensity

by a temporary cessation of movement. They also state

that the shorter wave-lengths of light ave more effective

in inducing a response that the longer. Maat (Mo) found

that orientation in amoeba results from the cessation of

pseudopods on the more highly illuminated side. He ob-

served that when an amoeba reaches the edge of a beam of

light placed in its path it stops and reverses the direct-

ion; and he is of the opinion that the time required to

reverse decreases with experience. He found that if

the intensity of the light is gradually increased it





produces no observable effect, and he contends that the

response is consequently dependent upon the time-rate of

change In intensity. He also states that after streai -

ing has ceased it usually begins again in a short time if

the intensity remains constant.

Responses similar to some of those mentioned above

occur in plants. Baranetzki ('76) and Stahl ('84) main-

tain that the protoplasm in Plasmodia of Mycetozoa stops

flowing in strong light. Ewart ('03) states that a

sudden increase in illumination causes a retardation in

the ra.te of protoplasmic streaming in the cells of various

plants.

Reactions which are dependent on sudden changes of

intensity have been observed in many other organisms.

(See Mast ' 11 ,pp. 246-251 ) . These reactions are usually

referred to as shock-reactions. In all of them there

is a definite threshold. There is no observable effect

until after the energy received by the receptors has been

increased or decreased by a certain amount, after which

the reaction occurs suddenly.

It has long been known that in many organisms it is

not necessary to expose the receptors continuously in

order to induce a reaction. Mast ('12) observed that

when fireflies are exposed to a flash of light the re-

action does not begin until after the light has disappear-

ed. These insects fail to respond if the light is





not cut off, but in various other organisms that have

been studied the light may continue to act until after

the reaction has taken place. In all of the above

cases there is a period during which the organism must

be exposed to light in order to obtain a reaction,

followed by a period during which exposure is not

necessary. For example it is known that if a photo-

sensitive seedling is exposed in a horizontal beam of

light for a short time and then placed in darkness it

will bend in the same direction that it would have bent

if it had remained in the light. The time during

which exposure is necessary has been designated stimu-

lation-period, presentation-time, exposure-period and

sensitization-period; and the time during which exposure

is not necessary the latent period. The sum of the

two, that is the time from the application of the stim-

ulus until the reaction occurs, is knovm as the reaction-

time. The time from the application of the stimulus

until the organism resumes its normal state after the

reaction, has been designated the recovery-period.

The relation between the stimulating agent and the

various phases in the reaction presented above, has been

investigated in a number of organisms. Blaauw ('09)

and PrBschel ( *09) maintain that the amount of light-

energy required to induce bending toward the source of





illumination in Avena seedlings has the same value in

all intensities; that is, the product of the intensity

of the light and the time during which it must act to

produce a response is constant. Arisz ('11,'15) con-

tends that this holds true only for the threshold-stimu-

lation, and that equal amounts of light-energy do not

necessarily produce the same effects. Ewald ('14)

states that the amount of light-energy required to bring

about a response in the eye of Daphnia when the illumin-

ation is suddenly increased is the same over a large

range of intensities. Hecht ('18, '19) reaches the

same conclusion in reference to Ciona and Llya, as does

also Obreshkove ('21 ) in reference to Rana tadpoles.

These authors maintain that the latent period is constant

for all intensities, and that the stimulation-period is

consequently inversely proportional to the intensity.

Harder ('20) observed that ITostoc harmogonia respond

to a sudden decrease in illumination by a cessation of the

characteristic creeping movement, followed shortly after-

ward by the resumption of motion in the opposite direction.

He studied the latter phase especially, and contends that

the time from the shutting off of the light until the re-

versal in direction occurs is not proportional to the de-

crease in light-energy.

The present paper is primarily concerned with the





relation between the stimulating agent and the different

phases of the reaction in Araoeba, consisting in cessation

of protoplasi.il c streaming in response to sudden increase

in illumination; that is, the stimulation-period, the

latent period, the reaction-time and the recovery-period.





MATERIAL AND I.ISTHODS

The experiments were carried out in a base lent dark

room, observations being made with a compound microscope.

Light was obtained either from a 1000- watt, 112- volt

or a 1000- watt, 1 23- volt Westinghouse stereopticen lamp,

mounted in the ventilating shaft of the dark room.

The former v/as far more efficient in inducing stimulation

than the latter, since it not only produced a more intense

light, but also a light which contained a greater percent-

age of rays of shorter wave-length. Thus results ob-

tained from the two lamps are not comparable, even if the

intensities of the lights had been the same. The

voltage of the current fluctuated somewhat, but it was

usually about 115. A beam of light, admitted through

a rectangular aperature 15 mm. in diameter, was reflected

to the stage of the microscope by means of the sub-stage

mirror, set at an angle of 45 degrees (fig.1). Differ-

ent intensities were secured by moving the microscope

closer to or farther from the light. A permanent scale

in centimeters, made by careful measurement from the

center of the lamp to the center of the stage was construct-

ed on the table supporting the microscope, making it possible

to obtain rapidly and accurately any intensity desired.

The light rays were usually passed through distilled water

for absorption of heat, but in order to get the microscope
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as near the lamp as possible the distilled water was

sometimes omitted, though only after careful experiment

had shown that the heat wa3 not sufficient to appreciably

alter the reaction. Time was measured with a stop-

watch or by counting the ticks from an Eastman timer.

The latter method had the advantage of leaving both hands

free for manipulation of apparatus, and wa3 sufficiently

accurate. The light was turned off either by means of

an opaque screen or a camera shutter placed over the

aperature in the shaft. With the shutter, exposures

could be made varying from 1/100 to 1 second. The

shutter was not calibrated, however, and the time of the

exposures made with it is therefore to be considered

only as approximate

.

Two species of amoeba were used, A. proteus and

A. discoides, classified according to the method adopted

by Schaeffer ('20). Both species were cultivated in

the laboratory in various culture solutions. A. dis-

coides seemed to thrive best in a culture of wheat in

spring water. A. proteus, which has been raised in

this laboratory for a number of years, grew well in

several solutions, including boiled hay in spring water,

barley in distilled water, and oak leaves in spring water.

An amoeba usually responds to a sudden increase in

intensity by a cessation of flow that takes place sudden-





ly, but it was found that animals which are sluggish

sometimes stop gradually. As a consequence only

vigorously flowing individuals were selected for experi-

mentation. Size and shape have no appreciable effect

on the reaction. There appears also to be no greater

variation between individuals of the two species than

among individuals of the same species, and they were

consequently used indiscriminately.

In making the observations an amoeba was isolated

in a drop of water that was free from debri3, and placed

on a slide within a ring of vaseline, which supported the

cover-glass and prevented evaporation. The animal

was then left in darkness in the dark room from 15 to 30

minutes to insure thorough dark adaptation and to permit

acclimatization to the temperature of the room* It

was next placed under the microscope and illuminated by

light from the small sub-stage lamp; after which attention

was focused on the streaming in the advancing pseudopod.

The strong light from the stereopticen lamp was then

flashed on suddenly by removing the screen. The time

which elapsed before the animal stopped, and the time

until the resumption of movement occurred were recorded.

The 1000- watt lamp was now turned off, and left off for

3 or 4 minutes, after which the observation was repeated.

The number of observations made in succession on an indi-
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vidual varied from 6 to 80 depending on the experiment

and the condition of the animal. Some amoebae ceased

to react consistently after a few exposures, while

others continued to react for hours.

Variations in the above procedure were necessary

for some experiments. These are described in the

text.

Under favorable conditions the cessation and the

resumption of flow following an increase in illumination

are precise and sharp so that they can be clearly seen.

This makes it possible to measure fairly accurately the

time occupied by the different phases of the response.

Amoeba is consequently very favorable for the work in

hand.

Practically all of the results obtained are present-

ed in the form of tables and graphs. These will be

found in the following sections.
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THE REACTION-TILE, THE LATENT PERIOD AID
THE STIMULATION-PERIOD

As stated in the preceding pages an amoeba subjected

to a sudden increase in illumination responds by a ces-

sation of movement, and the time from the application of

the stimulus until movement ceases is known as the reac-

tion-time. It was also stated that in certain organisms

the reaction-time is composed of two parts: a time during

which exposure to light is necessary in order to obtain a

response, variously designated, but which we shall call

the stimulation-period; and a time during which exposure

to light is not necessary in order to obtain a response,

known as the latent period. These phases also exist

in the response to light in Amoeba. We shall proceed

to consider each of them separately; that is
}

the stimu-

lation-period, the latent period and the reaction-time,

and then attempt to give some of the inter-relations

which exist between them.

The stimulation-period may be ascertained at any

given intensity by decreasing in successive tests the

length of the period during which the amoeba is in illu-

mination, until it no longer responds. The shortest

period of exposure at which a response is obtained is

the stimulation-period for the conditions under which the

tests are made. The results obtained in such a series
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of teats are presented in table 1 . This table Indicates

that 2 exposures of 0.75 second each resulted in no reactions

whatever, that 8 exposures of 1 second each resulted in 2

reactions and 6 non-reactions, that 4 exposures of 1 .25

seconds each resulted in an equal number of reactions and

non-reactions, and that 6 exposures of 1 .50 seconds each

resulted in 6 reactions. The exposure which results in

responses in half of the tests, in this case 1.25 seconds,

is the shortest exposure in which the chances of obtaining

a response and no response are equal. We shall therefore

consider this as the stimulation-period.

Tables 2-9 present the results of experiments simi-

lar to the one just described, though the intensities em-

ployed were not always the same. It may be seen that

the stimulation-period obtained in these experiments

varied from 1 second to 2.4 seconds.

By referring to the tables mentioned it will be seen

that the stimulation-period apparently remains nearly con-

stant in successive exposures at any one intensity.

The results of the experiments presented in tables 10 and

12, however, show that this is not always true. From

table 10 it appears that whereas with an exoosure of 1.25

seconds the number of reactions and non-reactions were

equal, the same thing was true with an exposure of 0.75

second. Since all the exposures at 0.75 second were
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made after those at 1.25 seconds, the onl„ Lanation to

be given is that the stimulation-period underwent a

that is, it became shorter. A similar ge is shown

strikingly in table 12. The animal used in this experi-

ment was given 80 exposures. However, the results ob-

tained in only a portion of these are tabulated. It

can be seen that the stimulation-period became longer and

longer in successive tests until a maximum was reached at

about the 15th trial. At the 38th trial the stimulation-

period began to decrease and finally became 1 second or

less, although at the beginning of the experiment it was

1.25 seconds or more and from the 15th to 38th exposures

it amounted to 1 .75 seconds. After the 49th exposure

the animal was allowed to remain in darkness 25 minutes.

At the 50th exposure the stimulation-period had increased

to about 2 seconds, and from this exposure on it remained

practically constant for the remainder of the experiment.

is to indicate that when the intensity o:

. - the s : -

•

,

it usually

The latent period as stated above is that part of

the reaction-time duri . Lien it is not necessary that

the animal be exposed to light in order to obtain a re-

sponse. Consequently it is the difference between the

reaction-time and the stimulation-period.
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TABLES 1-11

Showing the relation between the reaction-

time, the stimulation-period and the latent per-

iod at a constant intensity.

Tables 1 - 10, intensity 6.25 (123- volt lamp).

Table 11, intensity very high M12- volt lamp).

In these and all the following tables the inten-

sity of the light at a distance of 1 meter from the

lamp is considered as unity and the intensity at

other distances expressed accordingly. Thus, since

the light decreases as the square of the distance,

the intensity at 50 cm. from the lamp is 4, at 25 c .

from the lamp is 16, etc. A very intense light was

obtained by means of the substage condenser on the

microscope and is marked " very high "

.

Each table refers to . > individual ex-

ce_ a otherwise stated.
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15

Period of Number of number of r of Aver-
jure Trials Reactions Hon- Reaction-

(SGC.

)

0.75

1 .00

1.25

i .;

4.75

2

8

4

6

4

2

2

6

4

Reactions





TABLE 2

Period of
Exposure

( sec.

)
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TABLE 3

Period of Number of Number of Number of Aver
Exposure Trials Reactions Hon- Reaction-
(sec.) Reactions Time

( sec.

)

1 .50





18-

-'

Period of Number of Number of Number of Av
Exposure Trials Reactions Non- ->ction-
(sec.

)

Reactions
J.

)

1 .50





rS 5

Period of Number of r of IIumber of Aver
Exposure Trials Reactions Non- Reaction-
(sec.) Reactions Time

(sec .

)

1 .00





20

TABLE 6

Period of Number of Number of Number o; Average
»sure * Trials Reactioi ".Ion- Reaction-

(sec.) Reactions Time
(sec.

)

0.75





21-

TABLE 7

Period of „ Number of Number of Average
Exposure Trials Reaction Reaction-
(sec.) Time

(sec .

)

1.60
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"?."

Period of Number of Number of number of Average
Exposure Trials Reactions n- Reaction-
(sec.) Reactions Time

(sec.

)

1 .20





25

Period of c of Number of Ilumber of Aver.
osure Trials Reactions lion- Reaction-

(sec.) Reactions Time
(sec.

)

1 .00
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TABLE 10

Period of Number of Number of Number of Average
osure Trials Reactions n- Reaction-

(sec.) tions Time
(sec.

)

.50
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TABLE 11

Period of Nuuber of Number of Number of Average
osure Trials Reactions »n- React ion-

(sec.) Reactions Time
(sec.

)

.04
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Showing variations in the reacti .me, the latent

period, and the stimulation-period at a constant inten-

sity, 0, indicates non-reactio Figures indie

reaction-time.
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TABLE 12

Number of Period of Exposure 'seconds)
Observation 1.00 1. 1.50 1.75 2.00 2.25

2





In the experiment, the results of which ar ' ren

in table 1 , the stimulation-period, aa we have just seen,

wa3 -1 .25 seconds, and the reaction-ti 1 to about

4.7 seconds. The latent period was consequently approx-

imately 3.45 seconds. Examination of tables 1 - 9 will

shov; that the latent periods varied among the several an-

imals from 0.65 second to 3 seconds.

Like the stimulation-period the latent period usually

remains constant at a given intensity. But we have al-

ready seen that in the experiment, the results of which

are given in t-vble 10, the stimulation-period changed

from 1.25 seconds to 0.75 second. Examination of this

table will show that there was also a change in the latent

period and that thi3 change extended from 2.25 seconds to

2.75 seconds. A similar change in the latent period

was likewise observed in the experiment presented in table

12, in which it varied from 1.75 seconds to 2. '3 seconds.

It is consequently evident that while the latent

period usually remains fairly constant under constant

environmental condition;-;, it sometimes changes rapidly

and considerably.

As we have already seen, the reaction-time is com-

posed of the latent period and the stimulation-period,

and since these periods usually remain constant at a given

intensity it is evident that the reaction-time must also





usually remain constant under the sane condition,

is illustrated in table 13. From this table it is seen

that in 10 observations made on a single individual with a

minute interval between exposures, the average reaction-

time amounted to 2.5 seconds, with a variation of only o. 25

of a second in either direction from the mean, showing tl

it remains practically constant over a period of 12 minutes.

Other experiments indicate *3aa*.an equ constancy

much longer range of time.

However, while the reaction-time usually remains near-

ly constant when the intensity of trie light is unchanged,

as in the experiment just described, there sometimes are

sudden and marked variations, as appears from the results

presented in tables 12 and 14. By referring to table

12 it may be seen that in the 20 minutes which elapsed

between the 49th and 50th exposures the reaction-time

changed from about 3.25 seconds to 4.25 seconds. Table

14 gives the results of 14 observations on a single indi-

vidual in which the minimum reaction-time from the first

to the 9th exposure was 5.5 seconds after which it sudden-

ly decreased to 4 seconds, and then remained practically

constant during the following 5 tests.

While the reaction-time in constant illumination

usually is fairly constant, it varies greatly if the

illumination is changed. The effect of changes in the





luminous intensity are shown in tables 15-27 and fig-

ures 2-9. By referring to table 15 it nay be seen

that at an intensity of 16 the reaction-tine was 3.25

seconds, that at an intensity of 4 it was 4 seconds,

that at an intensity of 1 it was 7.25 seconds, and that

at an intensity of .391 it was 13.25 seconds. This

increase in the reaction-tine with decrease in the in-

tensity is shown graphically in figure 2, in which the

abcissa represents intensity and the ordinate the re-

action-time. The data from which this graph was con-

structed are given in table 15.

Tables 16-27 and figures 3-9 represent experi-

ments in which without exception the reaction-tine in-

creased with a decrease in the intensity of the light.

This is in full accord with the results obtained by

Blaauw, Frflschel, Arisz and others on plants, and by

Hecht and Obreshkove on animals.

We have seen that the reaction-tine is made up of

two parts, a stimulation-period and a latent period and

that all three usually remain constant at a constant in-

tensity, e have further 3een that the reaction-time

varies inversely with the luminous intensity, becoming

longei'1 as the intensity decreases. We shall now con-

sider the relation which exists between the stimulation-

period, the latent period and the reaction-tine a3 the
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intensity of the light is varied.

It was stated in the introduction that Hecht and

Obreshkove maintain that the latent period remains con-

stant regardless of intensity, and that the amount of

light-energy acting during the stimulation-peri d is also

constant, necessitating an inverse proportionality between

the intensity of the light and the time during which it

acts on the receptors of the organism. If this is true,

as Hecht points out, the graph of the reaction-time at

various intensities will be an hyperbolic curve, when

constructed as are those curves to which we have pre-

viously referred, that is when the ordinate represents

the reaction-time and the abcissa luminous intensity.

We shall first assume that the latent period and amount

of light-energy acting during the stimulation-period are

constants, and by means of deductions that can be made

if our assumptions are correct, we shall te3t the curves

to see if they are hyperbolas.

Since the stimulation-period plus the latent period

equals the reaction-time, the former may be expressed by

the formula:

S = r - 1 (1 )

where S is the stimulation-period, r the reaction-time

and 1 the latent period. But, as we have seen, the

stimulation-period is the time during which the amoeba
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must be In illumination in order to obtain a reaction.

It may therefore be expressed, in terms of light-energy,

as the product of the time during which the light acts

and the luminous intensity:

s = (r - 1)1 (2)

where s is the amount of light-energy acting during the

stimulation-period, and I is the intensity of the light.

If s and 1 in accord with our assumption are con-

stants in Amoeba regardless of intensity, as Hecht and

Obreshkove maintain they are in certain other organisms,

then:

(r
1

- 1)I
1

= (r
?

- l)l 2 (3)

where r^ and r2 are the reaction-time3 at intensities I-

and I 2 respectively, and a ready means is at hand of

ascertaining the reaction-time at all intensities, if the

latent period and stimulation-period are known at one

intensity, or of obtaining the latent period if the re-

action-times are known at two intensiti ;s.

For example, in table 15 the reaction-time at an

intensity of 16 is given as 3.25 seconds, and at an in-

tensity of 4 it is 4.0 seconds. Substitution in (3),

(3.25 - 1)16 = (4 - 1)4

gives a latent period of 3 seconds. Subtracting the

latter from the reaction-time at an intensity of 16 gives

a stimulation-period of 0.25 second, which multiplied by

the intensity (0.25 * 16) amounts to 4. This we have





assumed is a constant. To calculate the reaction-

tine at an intensity of 1 we may now substitute in (2),

4 = (r - 3)1

giving 7 seconds. As indicated in the table this is the

reaction-time that was actually obtained by experiment.

If a series of calculations} are made, embracing the

reaction-time at an intensity of 16 with the reaction-

times at all the other intensities successively, an average

latent period of about 3 seconds is obtained. This gives

a stimulation-oeriod at intensity 16 of 0.25 second.

Since the light-energy acting during the stimulation-peri-

od is assumed to be constant, and assuming the reaction-

time at an intensity of 16 to ha.ve been correct, a theo-

retical set of reaction-times can be obtained for the other

intensities. Such a set is shown in column 4 of table 15,

and is represented graphically in figure 1 . Comparison

of the theoretical and calculated results shows a close

agreement . A similar agreement between data obtained

by experiment and by calculation is presented in tables

16-18 and in figures 2 and 3. The curves construct-

ed from theoretical data are in all cases hyperbolas.

Thus far, as an i nation of the tables and fig-

urea referred to will show, the evidence seems to indi-

cate that our assumptions are correct.

We have been proceeding on the assumption that the
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reaction-time is composed of two constants; a latent

period whose duration remains unchanged at all intensi-

ties, and a stimulation-period, as expressed not in time,

but in light-energj . We have seen that if the assump-

tion is correct certain calculations can be made, and

b the theoretical data obtained by these calculations

•ee quite closely in some cases at least with those

obtained experimentally.

Table 28 gives the results of experiments performed

on a number of animals in which the latent periods were

procured both by experimentation in the manner previous-

ly described and by calculation according to the formula,

(r^ - 1 ) I ^ = (r2 - 1)12* Tile reaction-times were found

experimentally at three different intensities which are

indicated in the table. The latent period was obtained

experimentally at the middle intensity, and also computed

by finding the mean froa two calculations, involving the

reaction-times at the middle and lower, and mid " id

onsities respectively.

Examination of the table will show that the results

obtained by the two methods agree quite close" Pro-

curing the latent jjeriod by calculation is much nore con-

venient than by direct experimentation, requiring relative-

ly few exposures and much less time to carry out. It

is sometimes especially useful as many animals refuse to
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react consistently after a number of exposures.

Here, again, it is seen that if our assumptions

are correct, the latent period can be calculated, :at

the calculated results are in close agreement with the

experimental.

Thus far the evidence seems to indicate that the

latent period and the amount of 11gi t-energy acting

during the stimulation-period are constant. We shall

now consider some evidence which apparently points to-

ward another conclusion.

From table 15 it appears that the stimulation-peri-

od decreased from more than 1c seconds at the lowest in-

tensity employed to 0.25 second at the one next to the

nest. This furnishes still another method of ob-

taining the latent period. If the intensity is in-

creased sufficiently the stimulation-period becomes so

snail as to be negligible and the reaction-time at this

;h intensity is practically the same as the latent peri-

od. Experiment has repeatedly shown this to be true.

If the intensity is increased by means of the sub-stage

condenser on the microscope and very short exposures

obtained by the use of the camera shutter, it is ascer-

tained that the stimulation-period is only a small frac-

tional part of the reaction-time. It soon becomes

evident, however, that the latent period is vei'y con-





siderably less than at a comparatively low intenslt; .

Table 29 gives the results of o Lments perforned

on a number of animals. The latent period was first

calculated from the reaction-times at three different in-

tensities as described previously, and the condenser was

therfused to increase the intensity. In nearly all cases

the reaction-time in the high intensity was considerably

less than the latent period as calculated for the lower,

although they should be practically the same if the latent

period remains constant at all intensities. The only

explanation to be given is that the latent period changes,

at least if there is a considerable change in the inten-

sit; .

Notwithstanding the fact that the reaction-times at

different intensities form a curve when plotted that is

proximately an hyperbola, as described above,, further

research demonstrates that they do not always do so.

From the preceding paragraph it is evident that the reac-

tion-time at a very high intensity becomes too small to

fit into the hyperbolic curve which emhraces the reaction-

times procured at lower intensities; nor is it always

necessary to increase the intensity so greatly to find a

point where the hyperbolic rule is not vail . An ex-

Ination of figure 6 will show that the reaction-times

in the intermediate are too long as compared with those
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in the higher and lower intensities. Table 25 given

average reaction-times procured from 8 animals. If

theoretical data are calculated from the reaction-times

in the intermediate intensities, it is seen that in the

stronger illumination the reaction-times obtained experi-

mentally become shorter than the theoretical, while in

the weaker illumination they become longer. Tables 26

and 27 and figures 7 and 8 illustrate the same thing.

If, as in figure 7, the theoretical curve is made to

coincide with the experimental in the lower intensities

it differs widely from it in the higher; or, as in fig-

ure 8, if the theoretical curve is made to fit the ex-

perimental curve in the higher intensities there is a

marked variation in the lower.

Despite such an apparent agreement to the hyperbolic

rule as previously shown in tables 15 - 18, the results

given above lead one to think that in Amoeba, at least,

the latent period and the amount of light-energy received

during the stimulation-period do not remain constant when

the intensity of the stimulating agent is varied. Even

where the graph of the reaction-times formsalmost exact-

ly an hyperbola, as do those in table 15, calculations

made by using the reaction-time at the highest intensity

with that at the next highest, the latter with the reaction-

time at the intensity next below it, and so continuing to
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TABLES 15-27

Showing relation between luminous intensity and

the r©action-time. Note that the reaction-time increases

as the intensity decreases. -oretical results ob-

tained by assuming the reaction-time given in fourth

column in oarenthesis.
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TABLE 1

6

Luminous Reaction- Calculated Stimulation- Product of
Intensity Time Reaction- Period Stim.-P. &

(sec.) Time (sec.) Luminous
(sec.) (L.P.=2.35 see. ) Intensity

16.07





TABLE 1

7

Luminous
Intensity





TABLE 18

Luminous Reaction-
Intensity Time

(sec.)

Calculated Stimulation- Product of
Reaction- Period Stim.-P. &

Time (see.) luminous
(sec.) (L. P. =2,01 sec.) Intensity

1 5.00





TABLK 19

Luminous Reaction- Calculated Stimulation- Product of
Intensity Time Reaction- Period Stira.-P.&

(sec.) Time 'sec.) Luminous
(sec.) (l.P.=4.85 sec. ) Intensity

16.00
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TABLE 2

Luminous Reaction- Calculated Stimulation- Product of
Intensity Time Reaction- Period Stim.-P. &

(sec.) Time (sec.) Luminous
(sec.) (L.P.=4.37 sec. ) Intensity

16.00 4.67 4.72 .36 5.76

11.11 4.90

6.25 5.50 5.36 1 .19 7.44

4.00 5.96

2.78 6.67 6.68 2.36 6. 51

123 - volt lamp.
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TABLE 21

Luminous Reaction- Calculated Stimulation- Product of
Intensity Time Reaction- Period Stim.-P. &

(sec.) Time (sec.) Luminous
(sec.) (L. P. =3.29 sec. ) Intensity

16.00 3.83 3.70 .55 8.80

11.11 3.37

5.25 4.00 4.34 .72 4.50

4.00 4.94

2.73 5.67 5.6? 2.39 6.64

12 3 - volt lamp.





.

Luminous Reaction-
Intensity Time

(sec.

)

TABL3 2 2

Calculated Stimulation- Product of
Reaction- Period Stim.-P. &

Time (sec.) Luminous
(sec.) (L.P.=2.10 sec.) Intensity

16.00





TABLE 2 3

50-

Luininous Reaction-
Intensity Time

(sec.

)

123 - volt lamp.

Calculated Stimulation- product of
Reaction- period Stim.-P. &

Time (sec.) Luminous
(sec.) (L.P.=1 .71 sec.) Intensity

16.00
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TABLE 24

Luminoua Reaction- Calculated Stimulation- Product of
Intensity Time Reaction- Period Stim.-P. &

(sec.) Time (sec.) Luminous
(sec.) (L.P. = 3.2 sec.) Intensity

18.11
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Luminous Reaction-
Intensity Time

(sec.)

TABLE 25

Calculated Stimulation- Product of
Reaction- Period Stim.-P. &

Time (sec.) Luminous
(sec.) (L.P.=2.49sec. ) Intensity

25.00
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TA3LE 26

Luminous Reaction- Calculated Stimulation- Product of
Intensity Time Reaction- Period Stim.P. &

(sec.) Time (sec.) Luminous
(sec.) (L. P. =2.17 sec. ) Intensity

18.11 2.63





TABL2 27

S4

Luminous Reaction-
Intensity Time

(sec.)

112 - volt lamp

.

Calculated Stimulation- Product of
Reaction- Period Stim.-P. &

Time (sec.) Luminous
(sec.) (L.P,=2.30 sec. ) Intensity

25.00





TABLE

00

Animal
Number





56

'TABLE 29

Calculated Reaction-Time
Animal' Reaction-Time at Intensities Latent at very high
'.lumber 25 18 J 16 11.1 8.1 6.25 Period Intensity

1
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FIGURES 2-9

.Showing relation between reaction-time and luminous

iensity. Black curves present experimental data,

red curves theoretical da-ta.

;ure 2 derived from data presented in table

3





—

"t--l
ANDRUS 4 CMU D

3
(SpuOOSS) SUA IT- UOt^OTSLI

J I L





t~\ i r

_lJ L_i I

ANDRUS &. CH'j '





60





'

ANORUS & CHURCH, ITHACA, N.Y.

Figure 5"





'2

~1—1—

f

1—I—1—I—I—i—

i

1—I

—

:

~
1—|—

T

1 '

I : I I 1 J
I

I I I I -Zl L _l—!—

I

L_i
ANDRUS & CHURCH, ITHACA, N.Y.





63
•





"~\—r l—i—i—!—i—
r

64

mm

—

—

\
— -

—

ANOflUS & CHURCH, ITHACA, H.Y.

Ti^u-pe. 8





65

ANDRUS ACA., N.Y

T,gu e 9





56

TABLE 30

Intensities used Calculated
in Calculations Latent Period

18.10





H-34

Illustrating the relation between luminous inten-

sity and the reaction-time, the latent period, and the

stimulation-period. bice that the rection-time

ays increases with a decrease in the intensity;

that the latent period at first increases with a de-

crease in the intensity and then decreases; that the

stimulation-period at first deer a decrease

in the intensity and then increa . Note also tl

the maximum latent period and the minimum stimulation-

period occur at the sane intensi
. .

Table 31 is derived from the s lata as table

it -zo ii n ii ti n ii it '• 11 it p/

The amoeba used in the experiment, results of which

are recorded in table 33* was accidentally destroyed

before expei ' at was comnlete.
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TABLE 31

Luminous Reaction- Calculated Stimulation- Product of
Intensity Time Latent Period Stim.-P. &

(sec.) Period (^ec.) Luminous
(sec.) Intensity

16.00
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TABLE 32

Luminous Reaction- Calculated Stimulation- Product of
Intensity Time Latent Period Stira.-P. &

(sec.) Period (sec.) Luminous
(sec.) Intensity

16.00
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TABLE 33

Luminous Reaction- Calculated Stimulation- Product of
Intensity Time Latent Period Stira.-P. &

(sec.) Period (see*) Luminous
(sec.) Intensity

25.00
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TABL3 34

Lur.iinous Reaction- Calculated Stimulation- Product of
Intensity Time Latent period Stim.-P. &

(sec.) Period (sec.) Luminous
(sec.) Intensity

16.00
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I RBS 10 - 13

Showing relation between luminous intensity and

'

s reaction-time and latent period . Black curve

represents reaction-time, red curve latent period.

Figure 1c is derived from table 31.
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the lowest intensity, it is found that the latent period

is not constant but varies with every change in the mag-

nitude of the stimulating agent. The results of such

calculations, using the same data as in table 15, are

given in table 30. This seems to show conclusively that

we are not dealing with constants.

Since the latent period is continually changing as

the intensity of the light changes it is plainly evident

that a calculation using the reaction-times at two inten-

sities, as a and b, will give a latent period that is in-

correct at either, being too small in one case and too

large in the other. But if a calculation is made, in-

volving the reaction-times at intensities b and c, the

mean resulting from the two calculations gives a latent

period for b that is approximately correct, at least in

most cases. Obtained from one calculation it is too

large, while from the other it is too small. Hence one

error tends to counteract the other, producing a mean that

is very nearly correct. This explains why two calcula-

tions were used in the experiment described previously.

Latent periods computed from the data from table 15

are given in table 31. This, together with tables 32-

34 and figures 1o - 13» show that the latent period in-

creased with a decrease in intensity up to a certain

maximum, beyond which it decreased. The amount of light-
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energy received during the stimulation-period, on the other

hand, is the largest in the highest intensity employed, and

decreases to a minimum with a decrease in intensity, beyond

which it increases. The minimum stimulation-period and

the maximum latent period occur at the same time. An

hyperbola is sometimes obtained when the reaction-times are

plotted, not because of two quantities that remain constant,

as we assumed at the beginning, but because one increases

as the other decreases. If the change is proportional

the hyperbola Is perfect, but it is often not proportion-

al and probably never if the range of intensities is great

enough.

Thus it appears to be evident that the latent peri

is not the same at all intensities, but varies continuous-

ly, and that the same thing is true in regard to the amount

of light-energy acting during the stimulation-

The lack of a direct quantitative relationship between the

jnitude of the stimulating agent and the reaction-time is

doubtless of great importance when the causes which under-

lie .he response to sudden illumination, which we shall not

consider here, are taken into account. These results

seem to indicate, however, that the reaction-time is not

easure of the magnitude of the stimulation, but is

merely one phase, namely the point at which the amoeba

stops moving in a reaction which continues for some time,

that is until the animal again begins to move.





79

STIMULATION-THR
INTENSITY-THRESHOLD

We have seen that a definite amount of light-energy

is required in order that a reaction may occur. If the

period of exposure is too short no response follows.

Also it must be obvious that a sufficient decrease in the

intensity of the light will result in a point below which

there can be no reaction. The smallest amount of light-

energy that will call forth a response has been designated

the stimulation-threshold, and the lowest intensity that

will induce a response the intensity-threshold.

There has been some confusion in regard to the term
f

stimulation -threshold. Blaauw uses it to designate the

quantity of light-energy necessary to cause sufficient

bending in plant seedlings toward the source of light so

that it is macroscopically visible. Arisz, on the other

hand, maintains that this is not a true threshold. He

contends that a response to the light, indicated by a

slight asfjynietry at the tip of the plant, visible under

magnification, occurs long before. He is therefore of

the opinion that it is impossible to definitely ascertain

the first indications of a response.

A stimulus acting for too short a time to cause an

amoeba to stop moving still has an effect, as indicated

by a temporary retardation in the rate of flow, which

takes place at about the time the animal would have
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stopped had the illumination been continued. As the

period of exposure decreases the retardation becomes less

and less noticeable, until finally it is imperceptible;

an increa.se, on the other hand, causes a more marked re-

tardation, resulting at last in the characteristic cessa-

tion of flow. If one mean3 by stimulation-threshold

the smallest exposure that will call forth a response,

irrespective of what that response is, it is impossible

to define it precisely , since one cannot say at just

what period of exposure there ceases to be a retardation

in the rate of flow. On the other hand, if one should

mean by stimulation-threshold the smallest amount of light-

energy that will produce a cessation of movement, it can

be ascertained with fair accuracy.

At a very high intensity the reaction-time at the

stimulation-threshold is longer than that obtained when

the amount of light-energy received is increased. This

is illustrated in table 11 which gives the results of an

experiment in which the intensity was so strong that only

short exposures, made by means of the camera shutter,

were required to secure a response. These results show

that illumination of 1/25 of a second yielded an average

reaction-time of 2»13 seconds, illumination of 1/lo of a

second a reaction-time of 1-5 seconds, and illumination

.of 1/4 of a second a reaction-time of 1 .25 seconds.

Although not indicated in the table it was repeatedly
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observed that a limit is soon reached, and any additional

increase in the time during which the animal is illumin-

ated has absolutely no effect on the reaction-time.

This decrease in the reaction-time, when the period

of exposure is made longer, is invariably found when the

luminous intensity is very high, but there is little if

any indication of it in lower intensities; indeed, the

results presented in tables 1-10 seem to show that if

there is any relation between length of exposure and re-

action the shortest period of illumination that will in-

duce a cessation of movement results in the shortest re-

action-time that can be procured.

The lowest intensity at which a response can be ob-

tained, as stated above, is called the intensity-threshold.

It varies greatly among different amoebae. The intensi-

ty-threshold for the animal whose reaction-times are re-

corded in table 15 was somewhat below .391, but in most

cases there ceases to be a response long before such a

low intensity has been reached.

As the intensity of the light becomes too weak to

induce a cessation of movement, the behavior is very

similar to that in the case of under-stimulation in the

higher intensities. At first there is a decided retard-

ation in the rate of locomotion, which becomes less marked

the luminous intensity decreases, finally becoming im-
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perceptible. If "by intensity-threshold is meant the

lowest intensity that will induce a response, just as in

the case of a stimulation-threshold it would he difficult

to ascertain it experimentally; but if one means the

weakest illumination that will produce a cessation of

flow, it, likewise, can be fairly accurately ascertained.





THE RECOVERY-PERIOD

The time from the cessation of movement until flow

is resumed we shall call the recovery-period.

period has not been studied in detail, and we shall con-

sider only the relation between the time during which the

amoeba is exposed to light and the recovery-period.

A variation in the time of exposure results in a

corresponding variation in the recovery-period. Table

35 affords a typical illustration in which the shortest

period of exposure employed, 2.5 seconds, resulted in a

recovery-period of 1 .5 seconds, while a period of exposure

of 15 seconds resulted in a recovery-period of 24 seconds.

The table shows that the one increases as the other Increases,

but that the rates are not the same. It shows that when

the ratio of increase in the period of exposure was 1 to 6,

as indicated by the figures Just given, the ratio of the

increase in the period of exposure was 1 to 16, indicaf
;

that the lengthening of the latter was much more rapid than

that of the former. However, this condition does not

continue indefinitely. It may be observed from the table

that an increase in the time of exposure from 15 to 20

seconds, a ratio of 1 to 1.33, resulted in an increase in

the recovery-period from 24 to 27 seconds, a ratio of 1 to

1.12. Thus it is plainly seen that the rate of increase

in the recovery-period is at first much more rapid than
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the corresponding rate of increase in the time during which

the animal is exposed to light, but that this rate of in-

crease in the recovery-period becomes less as the period of

exposure is lengthened. The final result is that if the

period of exposure is made long enough the animal recovers

while the light is yet turned on. In the experiment that

we have just been considering, this occurred, as indicated

in the table, when the period of exposure amounted to 45

seconds.

Tables 35 - 38 also show the decrease in the rate of

increase of the recovery-period as compared to the rate of

increase in the time of exposure. Thus it appears from

table 36 for example, that a period of exposure of 5 sec-

onds resulted in a recovery-period of 15.1 seconds, but

that when the period of exposure was doubled the recovery-

period changed only from 15.1 to 22.1 seconds, and that

when the period of exposure was again doubled, amounting

now to 20 seconds, the recovery-period changed only from

22.1 to 23.2 seconds. The results presented in tables

37 and 33 support these conclusions.

The change in the rate of increase in the recovery-

period can be explained by assuming that in addition to

the increase in illumination another factor is involved,

acclimatization. There is no question as to the sig-

nificance of this factor. That the animal does be-
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come acclimatized to the light is shovm by the faet that

it may begin to move while the light is yet turned on.

Partial acclimatization results in a recovery that takes

place sooner after the light is turned off than it would

have taken place had no acclimatization occurred. In*

investigating the effects of different amounts of light-

energy this vail have to be taken into account.
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TABLES 35-38.

Shewing relation betv/een the time of exposure and

the recovery-period. Notice that the recovery be-

comes longer as the time of exposure is increased.
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TABLE 35

Period of Recovery-Period(sec. ) Number of
Exposure Maximum Minimum Average Trials
(sec.

)

2.50





TABLE 36

Period of Recovery-?eriod( sec. ) Number of
Exposure Maximum Minimum Average Trials
(sec.

)

5
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LE 37

Period of Recovery-Period( sec. ) iber of
Exposure ciraum Minimum Average Trials
(sec.

)

4





9

TABLE 33

? riod of Recovery-Period, sec. ) Number of
E&posure Maximum Minimum Average Trials
(sec.

)

4
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DARK ADAPTATION

If an animal is exposed to light and a reaction ob-

tained, it is necessary that it be subjected to darkness,

or, at least to a lower intensity* before a second reaction

can occur. Certain processes must take place in the low-

er intensity, the end result of which is known as dark ad-

aptation. An organism is said to be dark adapted when

it responds to a sudden increase in the intensity of il-

lumination. The converse of dark adaptation is light

adaptation and it is brought about by exposure to light.

An organism is said to be light adapted, when from a lack

of dark adaptation it fails to respond to a sudden increase

in illumination.

An insufficient amount of time in the dark results in

a feilure to respond when the animal is exposed to light.

Table 39 gives the results of an experiment in which an

amoeba was first dark adapted for 3 minutes, then placed

in the light for 1 minute, and the reaction-time obtained

during this exposure recorded. It was then again placed

# For convenience in expression "darkness" and "lower
intensity" are used synonymously. It is to be remembered
that in nost of the instances herein presented only a low-
ering of intensity took place, since the supplementary
light from the Spencer microscope la :p was usually left on
continuously. All the evidence goes to show that the
results would not have been appreciably changed had this
weaker light been much stronger than it was.
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in the dark for 20 seconds, after which the light was

flashed on and the reaction-time obtained. This was

now repeated in series in precisely the same way, except

that the amoeba was exposed in successive tests to dark-

ness for 25 seconds, 30 seconds, 35 seconds and 60 seconds

in place of 20 seconds. The series of tests was repeat-

ed until all the results presented in table 39 were obtained.

The table shows that the average reaction-time after 20

seconds in the dark amounted to 4.33 seconds, after 30 sec-

onds in the dark to 4.50 seconds, and after 60 seconds in

the dark to 3 seconds which was the same as when the amoeba

was dark adapted for 3 minutes; that is completely dark a-

dapted, indicating that as the time in the dark is increas-

ed the reaction-time becomes shorter until a minimum is

reached after which further exposure to darkness has no

effect in reducing it.

By referring to table 4 it may be seen that 90 sec-

onds in the light followed by 30 seconds in the dark result-

ed in a reaction-time of 3.38 seconds, that 90 seconds in

the light followed by 60 seconds in the dark resulted in

a reaction-time of 3.13 second, and that 90 seconds in the

light followed by 120 seconds in the dark resulted in a

reaction-time of 2.33 seconds, indicating again that the

reaction-time decreases with an increase in the time in

the dark.

From the above experiments it cannot be said that 1
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minute or 2 minutes, as the case may be, was required

for dark adaptation, but it may be said that 1 or 2

minutes was sufficient under the conditions involved.

One of these conditions was an exposure to light for a

definite period before the animal was placed in the dark.

Since the time in the dark was varied its effect was

indicated, but the experiments do not make evident the

effect of the light, which preceded the darkness, on

those processes which result in dark adaptation. Fur-

ther research demonstrated conclusively that the length

of time that an animal is kept in the light from the time

that a reaction occurs until it is put in darkness de-

termines the amount of time it must be kept in the dark

before it becomes dark adapted.

Table 41 gives the results of an experiment in which

the amoeba was in each test first thoroughly dark adapted,

as in the experiments above, and then illuminated in the

different tests for various periods of time, always re-

sulting, of course, in cessation of movement. This

was followed by exposure to darkness in all of the tests

for 1o seconds, after which the reaction-time was in each

case ascertained. It is shown that after complete dark

adaptation Ll.j.1 5 seconds in the light followed by 10

seconds in the dark followed by illumination gave a re-

action-time of 4.41 seconds, that 45 seconds in the light
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followed by 10 seconds in the dark followed by illumin-

ation gave a reaction-time of 3.6 seconds, and *hat '

seconds in the light followed by 10 seconds in the dark

followed by illumination gave a reaction-time of 2.90

econds. The latter was the smallest reaction-tine

that could be obtained, as indicated by results secured

after complete dark adaptation. In table 42 are re-

corded the results of a similar experiment in which the

minimum reaction-time was obtained after 60 seconds in

the light followed by 1o seconds in the dark.

This indicates that in amoeba for a certain time

after a reaction, consisting of cessation of movement

induced by sudden increase in illumination, there are

specific processes which occur no matter whether the

amoeba is in darkness or not, but after these processes

are complete it is necessary to subject it for a certain

length of time to darkness before another reaction to

sudden increase in illumination can be obtained. The

length of this time varies from 10 to 20 seconds depend-

ing upon the individual. This contention is supported

by results presented in tables 43 and 44. By referring

to these tables it will be seen that in the one case the

time in darkness was kept constant and the time in light

was varied, while in the other case the time in light was

kept constant and the time in darkness varied. In either
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case complete dark adaptation occurred in 90 seconds

regardless of whether it was 30 seconds in light and

60 seconds in darkness or 60 seconds in light and 30

seconds in darkness. The slight differences in re-

action-time in the two tables are accounted for by the

fact that the reaction-times changed, as shown by re-

actions in the specimen when it was completely dark

adapted.

The evidence at hand seems to indicate that this

last period, which must be spent in darkness, is a con-

stant, and any increase over the minimum time required

in darkness has no effect upon the reaction-time.

It must be remembered, however, that further experimen-

tation may modify this conclusion.

Thus far we have been considering dark adaptation

in relation to the reaction-time, but there is also a

relationship between dark adaptation and the recovery-

period. This is shown by the results recorded in

tables 43 and 46, in which the amoebae under observa-

tion were allowed to remain in the light in each test

for 5 minutes in order to become thoroughly acclimated,

and then placed in the dark for the periods indicated

in the tables, after which the light was again turned

on and the recovery-period ascertained. The recovery

took place in each case while the animal was still in
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illumination.

The results shown in this table indicate that the

recovery-period becomes longer as tie tine in the dark

preceding the response is made longer. Thus 10 seconds

in the dark resulted in a recovery-period of 22.5 seconds,

2 minutes in the dark a recovery-period of 54.2, and 30

minutes in the dark a recovery-period of 220 seconds.

Table -^ gives the results of an experiment in which 15

seconds in the dark yielded a recovery-period of 23.3

seconds, while 30 minutes in the dark tielded a recovery-

period of 230 seconds.

Any increase in the time spent in darkness over 30

minutes usually had no effect in increasing the duration

of the recovery-period.
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TABLES 39 and 40

Showing that the reaction-time becomes shorter as

dark adaptation "becomes more complete. Amoeba left in

the dark for the time indicated in the first column, after

..hich the light was turned on for period indicated in

second column and reaction-time obtained which is given

in last row. The light was then turned off for period

indicated in third column, and the animal then illuminat-

ed and the reaction-time obtained, which is given in

last column. Procedure repeated during each test.
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TABLE 39

Time Time Time Number of Number of Average
in Dark in Light in Dark Trials Reactions Reaction-
(sec.) (sec.) (sec.) Time

(sec.

)

180





TABL2 40

Time Time
in Dark in Light in Dark
(sec}. (sec.) (sec.)

Time .lber* of Number of Average
Trials Reactions Reaction-

Time
(sec.)

240
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TASLES 41 and 42

Showing that a definite interval of time must elapse

after one reaction before another can be obtaine .

Amoeba placed in dark for 180 seconds, then in light for

period indicated in first column, folloi by 10 seconds

in dark, as indicated in second column, after which it

3 again exposed :

. . ;ht and the reaction-time ob-

tained, llotice t tie duration of the reaction-time

depends upon the period in light previous to the last

10 seconds in the dark.
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TABLE 41

Sec, in Sec. In Reaction-Time (sec.) Number of Number of
Light Dark Maximum Minimum Average Non-Reactions Trials

3.50 2.50 2.90

4.25 3.25 3.63

5.75 3.00 4.38

10 5.25 3.25 4.41

90
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TABLE 42

Sec. in Sec. In Reaction-Time (sec.) Number of Number of
Light Dark Maximum Minimum Average Non-Reactions Trials

60
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TABLES 43 and 44

Time in
Dark
(sec.)





1 C 4

TABLES 45 and 46

Showing relation between dark adaptation and the

recovery-period. Amoeba left in light for 5 minutes,

indicated in first column, then left in the dark for

the period indicated in second column, after which it

was illuminated and left in the light until movement

was resumed. Notice that the recovery-period in-

creased as the time in the dark previous to the re-

action increased.
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TABLE 45

Min. in Time in Recovery-period (sec.) -lumber of
Light Da; Maximum Minimum Average Trials

D

5

r-

O

5

5

5

5

30 min.

10 "

2 "

1 »

30 sec.

10 "

4 "

75

60

4C

30
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TASLE 46

I.'in. in Time in Recovery-period (sec.) Number of
Light Dark Haximum Minimum Average Trials

5





INFLUENCE OF THE ENVIRONMENT ON THE REACTION-TIME

a. Individual and cultural variations

In investigating the reactions to light in amoeba one

is particularly struck by the fact that there are very mark-

ed individual variations. This is well illustrated by

figure 5 which shows graphs of 5 individuals whose reaction-

times were quite diverse. It is indeed seldom that two

animals are encountered whose reaction-times are the same

at more than one intensity, or which have the same recovery-

periods, or in which the intensity-thresholds are identical.

Figure 14 presents a typical example of individual varia-

tion. The reaction-time3 of 4 animals, all from the

same culture, are represented graphically in the 4 curves

in this figure. No two curves are alike and one differs

considerably form the other three.

Notwithstanding these individual differences. experi-

mentation soon shows that the reactions of animals from

the same culture are much more likely to be similar than

those of animals from diverse cultures. In figure 15

are presented two sets of graphs, one drawn in black and

the other in red, representing two cultures. The curves

in each set give the reaction-times of animals from the

same culture. It is clearly observed that the differ-

ences in the reaction-times of the amoebae from the di-





verse cultures were considerably more than were those "be-

tween individuals of the same culture. Tables 47 - 4;

still further illustrate this point. Each table gives

average reaction-times obtained from 12 to 16 animals.

Ten observations were made on each individual with a

minute interval between. Tables 47 and 40 contain

average reaction-times that vary but slightly in success-

ive exposures. That in '-,
, on the other hand, is much

shorter in the first exposure than in those which follow.

Table 47 shows a total of 2 non-reactions, table 48 shows

6 and table 49 shows 22. In the experiment recorded in

table 47 the reaction-times obtained at the first exposure

in 6 of the 12 animals were longer than the corresponding

reaction-times at the tenth exposure, in 4 they were less

and in 2 equal. Only 1 animal gave a non-reaction.

In table , 3 animals out of 16 gave reaction-times at

the first exposure that were longer than those at the

tenth. There were but 3 non-reaction3. In table

the reaction-times at the first exposure were shorter

in all animals than at the tenth. Eleven individuals

gave non-reactions.

b. Relation between mechanical

shock and the reaction to light

A very interesting relationship is brought out if an

amoeba is subjected to a mechanical shock and immediately





afterward exposed to a sudden increase in illumination.

The effect of a mechanical shock on locomotion depends

upon its magnitude. If very light the animal responds

either by a temporary quickening of the rate of locomotion,

or by a momentary cessation of protoplasmic flow which

takes place after a short latent period. If the shock

is made stronger the amoeba remains stationary for a longer

period of time. A comparatively heavy shock results in

an almost instantaneous cessation of motion, the advancing

pseudopod is retracted violently and the animal tends to

assume a spherical form. In resuming locomotion a number

of small pseudopods are protruded and the flow is very

erratic, taking place first in one of these small pseudo-

pods, then in another until normal locomotion finally re-

sults. Upon the condition in which the mechanical shock

leaves the animal depends its reaction when exposed to

light.

In testing the effect of mechanical shock on reactions

to light the cover-glass was jarred with a pencil and this

was followed at various intervals with a sudden increase

in illumination. Obviously it was Impossible to control

the magnitude very definitely. The jarring was usually

just sufficient to bring about a retardation or a short

cessation of flow, but in a few cases it was strong enough

to cause a retraction of the pseudopods, a condition indi-
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c~ted in table 50 by means of asterisks. This table

gives the results of experiments on 6 animals. These

results show that when the shock was not too strong the

animal ordinarily either did not respond to the sudden

increase in Illumination which followed, or the reaction-

time was considerably longer than it would have been had

the shock not occurred; and that when the light was turn-

ed on after a strong shock, that is during the time when

the enmtic flow described above was in progress, a re-

sponse was always obtained, and the reaction-time was

considerably shorter than usual. This indicates that

mechanical stimulation may make an amoeba either more or

less active to light depending upon the extent of the

stimulation.

c. Influence of the feeding reaction on the

reaction-time

One soon finds that the reaction-time of an amoeba

that is feeding varies greatly in successive exposures.

The method of feeding has been so often described that it

is generally known, but since a knowledge of it is requi-

site in order to understand the effect of feeding on the

reaction to light, a brief review will perhaps not be out

of place.

Amoeba lives upon smaller organisms which are engulf-

ed and retained within the body until digested. The
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victim is captured by means of pseudopoda which flow around

it, the ends fusing and forming a cup, the top of which is

still open and the bottom bounded by the substratum.

The cup is soon closed over, however, by sheets of proto-

plasm. After the prey has been engulfed, especially if

it is large, the amoeba becomes sluggish, small pseudopods

are protruded and the erratic flow is to be observed that

takes place in the recovery from a strong mechanical shock.

When the food-cup is being formed and the pseudopods

are flowing around the prey, there is no response to an

increase in illumination, no matter how great the increase

in intensity may be. More than 50 observations were

made on animals forming food-cups, and in no case was a

reaction to light obtained, although in all instances

responses to the same increase in illumination occurred

when no food-cups were forming. Table 51 illustrates

this very clearly in a single individual. This table

shows further that after the animal had fed, while the

erratic flow that has just been described was taking place,

the reaction-time was shorter than under normal conditions.

Prom table 52 it may be seen that not only was the reaction-

time shorter, when the animal was recovering after having

taken in food, but the amount of light-energy required to

bring about a reaction was also smaller. It is seen

that an exposure of 1/25 of a second was not sufficient





to cause a response until after the animal had fed.

This table also shows that the animal failed to respond

to light while it was feeding.

d. Effect of temperature

on the reaction-time

It is difficult to precisely control the temperature

of unicellular organisms when under observation. How-

ever by means of a Pfeffer warming stage a large range of

temperature, from 19°C to 27° C, was secured. Little or

no effect was noted in the reaction-time. No attempt

was made to study the influence of temperature on dark

adaptation.
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TABLES 47-

Showing averages of reaction-times obtained on a

number of animals, each animal being exposed 10 tines

h a one-
' 11 exposures.

Table 47 contains averages from 12 Individuals.

Table 43 contains averages from 16 individuals.

Table 4 ~j contains averages from 13 individuals.

Intensity 16 (123-volt lamp).
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Reaction Reaction-Time (sec.) Number of
Number Minimum Maximum Average Non-Reactions

1





TABLE 43
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Reaction Reaction-Time (

Number Minimum Maximum
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TABLE 49

Reaction Reaction-Time (sec.) Number of
Number limum Ilaxiraum Average ITon-Reactions

1
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Observation
Number

TABLF 51

Condition of Amoeba Reaction-Time
(sec.

)

1

2

3
4

5
6

7
8

9
10
11

12
13
14

15
16
17
18
19
20
21

Has Just been feeding

Probably feeding
Has just fed

Feeding

Has just fed

Feeding

Has Just fed

5.00
3 . 20
3.00
4.20
5.

non-reaction
3.20
2.60
^.00

non-reaction
2.60
3.20
2.20
1.60
3.20
3.60

non-reaction
3.60
5.60
6.20
5.00
3.60

Showing the effect of the feeding-reaction on the

reaction-time. Note that when the animal is feeding

It fails to respond to light, and that after the food

has been taken in the reaction-time becomes shorter

than usual.

Three or 4 minutes between exposures.

Intensity 16 (123 -volt lamp).
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TABLE 52

Period of
Exposure
(sec.

)
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DISCUSSION

Blaauw, Froschel, Arisz and others have assumed a

photochemical reaction in accounting for the response to

light by plants. Mast ('07) postulated a reversible

photochemical reaction to explain reversion in the sense

of photic orientation in Volvox, and Hecht makes use of

the same idea in attempting to explain the reactions of

Ciona and Mya to a sudden increase in illumination.

Hecht assumes the presence of a reversible photosensitive

substance, designated S, which under the influence of

light is changed into its precursors, designated P+A,

and reformed in darkness. He assumes that the quantity

of the precursors formed under the influence of the light

must bear a definite ratio to the amount present before

the light was turned on in order to obtain a reaction;

that the stimulation-period is the time necessary to con-

vert this required amount of S into its precursors; and

that the latent period is a time during which other re-

actions occur, which need not be considered here.

It is true that there is evidence which seems to

support this view, but there is also evidence which seems

to indicate that the response to light in amoeba is not

fundamentally a photochemical reaction at all. In the

first place a similar sort of reaction has been obtained
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by sudden increases in other forms of stimuli. Ewart

('03) states that streaming cells of Chara and Nitella

respond to a mechanical shock "by a cessation of movement,

and as with light, the shock to he effective must be

applied suddenly. He says (p. 73): "The more sudden-

ly the force is applied, the more powerful is its reaction,

a smart shock being much more effective than one applied

gradually. Thus if bodies of different wieght are

allowed to fall on the cover-slip from such heights that

they have the same momentum on impact, the smaller body

with the higher velocity exercises the greater shock

effect ... .A. shock which is not sufficiently powerful to

cause a complete stoppage may produce a more or less

marked retardation, usually of short duration." This,

it must be admitted, is very similar to the effect pro-

duced by light in amoeba. Ewart also states that a

sudden lowering in temperature causes a cessation of

movement in streaming cells of Chara and Nitella.

It has been shown in a preceding section that there

is a very close relationship in amoeba between the effects

produced by mechanical shock and sudden increase in illum-

ination. A mechanical shock, as previously studied,

produces a cessation in streaming just as light does, and

after a reaction to a mechanical shock, a period must be

allowed for the animal to recover before a reaction to
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light can be obtained. This indicates that the funda-

mental causes are the same in both cases, and that the

same sort of effect is produced by the mechanical shock

a3 is produced by sudden increase in the illumination.

Thus, just as when, after one reaction has been obtained

in the case of light a dark adaptation is required before

a second reaction can occur, so after a response to a

mechanical shock the same processes must take place as

occurred during dark adaptation before a response to light

can be procured. Only in this way it would seem can the

effect of the one on the other be explained.

We have seen that the response to light consists of a

cessation of protoplasmic flow. Prom this it appears

that the effect of a sudden illumination is an interference

in the motor mechanism. Any explanation of this effect

probably requires a knowledge of the mechanics of amoeboid

motion, which it must be admitted is as yet inadequately

understood *.

A brief glance at the behavior of an amoeba in re-

lation to changes in the chemical nature of the culture

medium will perhaps throw some light on the most general

nature of the effect of an increase in illumination.

# Discussion of the causes of amoeboid motion may be
found in Jennings (

?

05), Dellinger (
f o6), Hyman (M7),

Schaeffer ('£-).
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If an amoeba is placed in distilled water it no longer

attaches to the substratum, long radiose pseudopods are

protruded and locomotion does not take place. The add-

ition of a small amount of a sa.lt, such as potassium ni-

trate, leads to a complete change of form, lobose pseudo-

pods take the place of the others, the animal attaches to

the substratum and locomotion proceeds normally. The

addition of still more potassium nitrate, however, results

in a cessation of locomotion just as in the case of dis-

tilled water, but instead of extending out pseudopods the

animal tends to assume a rounded form. If the concen-

tration is not too great the amoeba becomes acclimated to

it and again moves normally, but in too strong a concen-

tration no locomotion can occur. lion-electrolytes such

as cane sugar and glucose have the same effect.

This seeras to indicate that osmotic pressure is asso-

ciated with amoeboid motion. However, in order for

locomotion to proceed it is certain that an equilibrium

must exist between the animal system and the medium sur-

rounding it. As the result of a change in the latter,

equilibrium no longer exists, though if the chan/e is not

too great acclimatization can occur. The internal state

of the amoeba is altered to meet the changed environment

and movement is resumed.
of

It is/significance that the effect of a very strong
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light is quite similar to the effect of an increase in

concentration. Not only does the animal cease to move,

"but the pseudopods are retracted and it no longer attach-

es to the substratum. Here again apparently the animal

is thrown out of equilibrium with the surrounding medium,

but here, instead. of in the medium, the first change occurs

within the organism itself. The time during which the

amoeba is inactive is the time required to again come in-

to equilibrium. Consequently the stronger the illumin-

ation, the greater the shock, the more pronounced will be

the internal change and the longer will be the time re-

quired for acclimatization.

According to this view, subjecting an amoeba to dark-

ness after it has become acclimated to light should also

throw it out of equilibrium. As a matter of fact it

quite often happens that a marked effect is noticeable

when the light is turned off after an animal has been

moving in it. The rate of locomotion is often material-

ly changed and the form of the pseudopods considerably

altered. In no case, however, can it be measured in

the same way as can the effect of a sudden increase in

illumination.
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SUMMARY

1

.

Amoeba responds to a sudden increase in illumina-

tion by complete cessation of movement.

2. This cessation does not take place immediately

after the application. of the stimulus, and the time which

intervenes is known as the reaction-time.

3. There are marked individual variations in the re-

action-time, but the variations are not so great between

amoebae of the same culture as between those of diverse

cultures.

4. It is not necessary that the animal be exposed

to light for the entire reaction-time in order to ob-

tain a response, but for only a definite part of it.

The time during which illumination is required is known

as the stimulation-period, and the remaining part of

the reaction-time as the latent period. The latent

period may be spent either in darkness or light with-

out any effect on the reaction-time.

5. The reaction-time, the latent period and the

stimulation-period usually remain practically constant,

although, changes may occur.

6. The reaction-time varies inversely with the

luminous intensity.
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7. The latent and stiraulation-pei*iods may be found

either directly by experiment , or by calculation from

reaction-timeii which are obtained experimentally.

8. The latent period is dependent upon the intensity

of the light, being comparatively short in a very strong

light, but increasing in length as the intensity of the

light decreases, until a maximum is reached beyond which

it decreases.

9. The amount of light-energy received during the

stimulation-period decrease a3 the illumination becomes

weaker until a minimum is reached, beyond which it in-

creases. The maximum latent period and the minimum

stimulation-period occur simultaneously.

10. The time from the cessation of motion until move-

ment is resumed is known as the recovery-period. The

recovery-period varies directly with the time during

which the amoeba is exposed to light.

11. In order to obtain a response after an amoeba

has been subjected to a sudden increase in illumination,

an exposure for a certain length of time to a lower in-

tensity is required. The condition brought about by

the processes acting during this time is known as dark

adaptation.





12. Incomplete dark adaptation is manifested by an

increase in the reaction-time or by failure to respond.

13. Although after one reaction has occurred a cer-

tain length of time, usually 1 to 2 minutes, just elapse

before another reaction can be obtained, it is not nec-

essary that this entire period be spent in darkness, but

only the latter part of it.

14. The recovery-period becomes longer as the time

spent in darkness previous to the reaction is increased.

Complete dark adaptation, as manifested by the longest

recovery-period that can be procured, usually takes place

after a bout 30 minutes in the dark.

15.A mechanical shock exerts a distinct effect upon

the reaction to light. If the shock is slight, an in-

crease in illumination immediately following it results

in a longer reaction-time than usual or no reaction.

If the shock is so heavy as to cause a retraction of the

pseudopods, an increase in illumination just as the an-

imal is recovering results in an exceptionally short re-

action-time,

16. An amoeba which is forming a food-cup invariably

fails to respond to a sudden increase in illumination.

After the food-cup is formed, however, the reaction-





time is often shorter than usual and does not require

so long a period of exposure.

l7*Temperature apparently exerts little effect up-

on the reaction-time.
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